arrests, leading to a collection of neurons beneath the be divided into two distinct phases: process outgrowth cortex. Since the normal process of X inactivation leads and nuclear/somal translocation. Migration consists of to affected females who are mosaic for neurons exalternation between these two phases, which do not pressing either a normal or a mutant copy of DCX, one appear to be synchronized with one another (Edmondmodel suggests that neurons expressing the mutant son and Hatten, 1987; Rivas and Hatten, 1995). During DCX allele arrest beneath the cortex (Gleeson and migration, the leading process extends away from, and Walsh, 1997). According to this model, mutations in DCX then retracts toward, the cell soma in an accordionlead to a cell-autonomous defect in cortical neuronal like fashion over a period of minutes or hours. Rapid migration.
for tyrosine phosphorylation by c-Abl and serine phosphorylation by microtubule-associated protein (MAP) kinases (Gleeson et al., 1998).
In order to understand the developmental regulation of DCX in humans, fresh occipital cortex from postmortem specimens at several ages were analyzed by Western blot. DCX was previously shown to be expressed predominantly in the brain, and at high levels only during development, based on Northern analysis of human tissues (Gleeson et al., 1998). Based on Western analysis, DCX was highly expressed at 22 weeks gestation and at lower levels during the early childhood developmental time points of 2 years and 4 years of age ( Figure 1B) . Very little DCX expression was detected in adult brain, consistent with the suggestion that DCX likely exerts its major effects during brain development. 
DCX Is Expressed Exclusively in Postmitotic DCX Is Expressed by Both Radially and Tangentially Migrating Populations of Neurons Neurons during Periods of Migration To date, there is little information about the temporal in the Cerebral Cortex
In order to more precisely define the cell types within the and spatial pattern of DCX expression (des Portes et al., 1998; Matsuo et al., 1998). To address this, we generated cerebral cortex that express DCX, we analyzed several embryonic time points in greater detail ( Figures 3A-3G ) polyclonal antisera to a peptide immunogen corresponding to the carboxyl terminus of the DCX protein.
using both in situ hybridization and immunofluorescence. At E14, expression of DCX mRNA and protein was In order to test the specificity of ␣-DCX antisera, Western blots of cultured neurons and of COS7 cells transfected equally intense in the intermediate zone, subplate, and cortical plate. Expression was excluded from the venwith epitope-tagged DCX were probed. On Western analysis, the ␣-DCX antisera recognized a single 55 kDa tricular zone, but occasional cells were positive in the subventricular zone (SVZ) ( Figures 3A and 3B , arrows). band in lysates of cultured neurons, and an appropriate single 65 kDa band in lysates of epitope-tagged DCX At E17, the expression of DCX was high both in the intermediate zone/subplate region, containing neurons overexpressed in COS7 cells ( Figure 1A ), indicating that the antisera could be used to study the expression of that are actively migrating, and in a thin layer of cells at the upper margin of the cortical plate, containing neu-DCX. The electrophoretic mobility of DCX is shifted by 15 kDa, because the predicted molecular weight of DCX rons that have just completed their migration. cortical plate (arrow in Figure 3D -3N ), suggesting pression then rapidly downregulated. The deeper layers that tangentially migrating neurons also express DCX. of the cortical plate (representing neurons that had fin-DCX expression in late postnatal and adult stages was ished their migration days previously) showed lower levidentified in populations of neurons previously shown to els of expression of DCX, whereas neurons in the interbe migrating to the olfactory bulb. Neuronal migration mediate zone that were presumably still migrating also continues into adulthood in a well-defined population showed high levels of expression. The apparent downof neurons that proliferates in the SVZ, migrates along regulation of DCX in the cortical plate appears to be at the rostral migratory stream (RMS), and is destined for least in part transcriptional, since DCX in situ hybridizathe olfactory bulb (Lois and Alvarez-Buylla, 1994). We tion also showed a decrease in mRNA expression in the obtained sections in the adult mouse through the RMS deeper cortical plate layers ( Figure 3C ). At P0, the mRNA in order to test the hypothesis that these neurons also and protein expression of DCX in the cerebral cortex express DCX. As expected, the RMS was found to conremained high but had become more diffuse with somesist of GFAP-immunoreactive glial "tubes" surrounding what higher levels of expression in the SVZ (Figures TuJ1-immunoreactive horizontally oriented neurons that 3F-3G). DCX expression in the cortex is then downreguhad previously been shown to be migrating (Lois et al., lated to undetectable levels by 2 weeks of age in the 1996). We found that all of the TuJ1-immunoreactive mouse. cells in the RMS were also immunoreactive for DCX DCX is highly expressed by neurons that appear to be ( Figures 3O-3Q ) and that DCX-immunoreactive neurons migrating both radially and nonradially in the cortex.
were surrounded by GFAP-immunoreactive glial "tubes" All newly postmitotic neurons, including those in the ( Figure 3R ). This suggests a possible role for DCX in subplate region and in the cortical plate, appear to expostnatal neuronal migration and suggests that DCX press high levels of DCX, suggesting that all migrating may be a general marker for newly postmitotic migrating neurons in the cortex express DCX. Because of the high neurons in many parts of the nervous system. density of these neurons, individual neurons oriented radially in whole brain could not be well isolated. We also confirmed that granule cells express high levels of DCX during the period of radial descent into the cerebellum. There was a lack of expression of DCX in the "premigratory" mitotically active granule cell precursors in the external granule layer (EGL), but there were high levels of expression in the deeper populations of granule cells that have been previously shown to migrate radially along Bergmann glia fibers (Hatten and Heintz, 1995) . In order to be certain that the source of DCX immunoreactivity was indeed from granule cells, cerebellar sections were colabeled with TAG-1, which specifically labels granule cells at an early stage of radial descent (Stottmann and Rivas, 1998). As expected, the DCX-expressing granule cells were found to colabel with TAG-1 in populations of granule cells both superficial to and deep to the Purkinje cell layer (Figures 4E-4G providing further evidence for a possible association suggesting it may be associated with one or more cyof some DCX with the microtubule cytoskeleton. DCX toskeletal elements. We therefore examined three comshowed no evidence of colocalization with either actin mon cytoskeletal constituents for colocalization with fibers or neurofilaments (data not shown), suggesting DCX. When cultured neurons were colabeled with DCX that the fibrillar expression pattern of DCX is specific to and markers for actin, neurofilaments, and microtumicrotubules. bules, a closely overlapping distribution was observed Whereas disruption of microtubules disrupts the fibrilonly for DCX and microtubules (Figures 5A-5D ). DCX lar DCX staining, disruption of actin enhanced the coloand microtubules produced similar patterns of immunoreactivity in the soma of cultured neurons, giving the calization of DCX with microtubules. Primary cortical neurons that were maintained for two days in culture DCX Coassembles with Microtubules from Brain To test whether the overlapping DCX localization with were exposed to 10 g/ml colchicine or vehicle control for 1-3 hr and immediately fixed. This treatment led to microtubules in cultured neurons indicates a physical interaction, microtubules were assembled from the cya slow disruption of the microtubule cytoskeleton but did not significantly affect the actin cytoskeleton (data tosolic fraction of brain and examined for the presence of DCX. In this experiment, half of the cytosolic fraction not shown), with retention of some neurites over the course of the experiment. Over the 3 hr time course, the was treated with taxol and half was untreated. DCX was intensely enriched in the taxol-stabilized microtubule microtubule cytoskeleton collapsed, leading to a distinct change in the subcellular distribution of tubulin. The pellet, with approximately two-thirds of DCX protein coassembling with microtubules ( Figure 6A ). When taxol distribution of DCX over the 3 hr time period was similarly but more severely affected, with a nearly complete was excluded from the sample, tubulin polymerization was minimal and DCX was not detected in the pellet. change in the distribution of DCX from a fibrillar pattern in the periphery of the soma to a diffuse distribution As controls, the same Western blot from this experiment was reprobed with antibodies to a known MAP (MAP2C) within the soma, with some possible DCX immunoreactivity within the cell nucleus ( Figures 5I-5P ). In contrast, and a protein that is not known to associate with microtubules (mDab1). As expected, MAP2C was present disruption of actin filaments with 5 g/ml cytochalasin B (Figures 5Q-5X) did not disrupt the fibrillar staining nearly exclusively in the microtubule fraction, whereas mDab1 did not coassemble with polymerized microtupattern of DCX and in fact tended to enhance the colocalization of DCX with microtubules. This data suggests bules ( Figure 6A ). We also reprobed this Western blot for the presence of LIS1. Approximately 25% of LIS1 was that the filamentous perikaryal localization of DCX is dependent on an intact microtubule cytoskeleton. detectable in the microtubule pellet, with the majority significant fraction of DCX continued to associate with the cold-stable microtubule fraction after each cycle, suggesting that DCX may be associated with cold-stable microtubule formation. Together, these data suggest that DCX physically interacts with the microtubule cytoskeleton, either through a direct interaction with microtubules or indirectly through a bridging protein partner.
DCX Stimulates Microtubule Polymerization
Based on the coassembly of DCX with brain microtubules, we hypothesized that DCX binds directly to tubulin to affect microtubule polymerization or stability. This hypothesis was tested using a turbidimetric assay to test the ability of recombinant DCX to affect the polymerization rate of phosphocellulose-purified ( on rhodamine-labeled phosphocellulose-purified tubulin. DCX was added to tubulin over the concentration range of 0.01-0.7 mg/ml, while maintaining tubulin at the critical concentration of 0.5 mg/ml. In the presence remaining in the supernatant (data not shown), which is of DCX at concentrations above 0.02 mg/ml, fluorescent consistent with a previous report (Sapir et al., 1997) . The tubulin formed dramatic aster-like "stars," with from two proportion of DCX that coassembles with microtubules to ten bundled microtubule fibers emanating from the is considerably greater than for LIS1, suggesting that center ( Figures 7D and 7E) . The center of the star likely the association of DCX with microtubules may be more represents DCX associated with tubulin, since neither direct or more stable than that for LIS1. Similar results tubulin nor DCX forms these stars in the absence of the for DCX were obtained after three cycles of polymerizaother. The mean length of the microtubule fibers was tion and depolymerization of tubulin, with little DCX renot significantly different in the absence or presence of DCX (13 versus 11 arbitrary units; Figure 7F ), but there maining in the supernatant ( Figure 6B ). Interestingly, a were many more microtubules in the presence of DCX, as quantitated by the turbidity assay. Microtubules were also significantly brighter in the presence of DCX, suggesting that microtubules were present in bundles. In order to assay for a potential effect of DCX on microtubule bundling, tubulin polymerized in the presence and absence of DCX was examined by negative stain electron microscopy to identify individual microtubule fibers. Self-assembled microtubules in the absence of DCX were always monomeric, whereas microtubules assembled in the presence of DCX were often bundled. This difference was quantitated by counting the number of individual microtubules that self-associate in the presence and absence of DCX. There is a statistically significant difference in the bundling of microtubules in the presence of DCX (average of 2.51 microtubules bundled in the presence of DCX versus no bundling without DCX, respectively, p Ͻ 0.001; Figure 7G ), further suggesting that DCX has a significant effect on bundling of individual microtubules in this assay. The possibility that DCX may nucleate microtubules was not specifically addressed by this experiment, although it remains a possibility. Taken together, these data suggest that recombinant DCX leads directly to polymerization of tubulin in vitro, apparently by bundling microtubules.
Overexpression of DCX Leads to a Striking Microtubule Phenotype
Based upon the previous experiments, we hypothesized that the overexpression of DCX in cells may be associated with an effect on microtubules or cellular morphology. We therefore overexpressed epitope-tagged DCX in cortical cultures and examined for an effect on microtubules. Tight colocalization of DCX with the microtubule cytoskeleton was observed when visualized with the epitope antibody, whereas cells overexpressing a negative control tagged lacZ gene, using the same epitope antibody, showed diffuse immunoreactivity ( Figures 8A-8F Perhaps there are other extracellular signals that grating neurons, suggesting that it is at least a marker mediate the termination of migration, possibly by alterfor these young neurons and may be playing a role in ing the expression levels of key neuronal migration neuronal migration throughout the developing nervous genes. system. We observed high levels of expression of DCX in cortical neurons that appear to be migrating radially as expected, but it was also present at high levels in Microtubules and Neuronal Migration Our finding that DCX is a MAP is consistent with studies cortical neurons that appear to be migrating nonradially in the SVZ and in migrating cerebellar neurons. Strikof migrating neurons suggesting that the microtubule cytoskeleton is essential, both in movement of the leadingly, DCX was also expressed in the adult at high levels in newly postmitotic neurons from the SVZ that continue ing process and of the nucleus in the cell soma. In migrating cerebellar granule neurons, dynamic microtuto proliferate and populate the olfactory bulb. The high levels of expression in the rostral migratory stream may bules have been identified both in the leading process and in a "cage-like" distribution encircling the nucleus provide at least a partial explanation for the reported high levels of expression of DCX in the frontal lobe, (Rivas and Hatten, 1995). In these cells, microtubules appear to form a bridge between the cell membrane based on Northern analysis (Sossey-Alaoui et al., 1998). Certainly, in mice older than P5, we did not detect signifiand the soma, suggesting a role for microtubules and associated proteins in force generation, junction morcant DCX expression by established neurons in the cortical plate, based upon in situ hybridization and immunophogenesis, and control of cell shape (Gregory et al., 1988). The distinct polarity of microtubules during neuhistochemistry. The widespread obligate expression in newly postmitotic migrating neurons throughout the nerronal migration, with the plus ends of the microtubules in the leading process uniformly facing the growing tip vous system suggests that DCX may play an essential role in these migrations. and the minus ends facing the nucleus, suggests that they may exert push and pull forces that contribute to High levels of expression of DCX in neurons that appear to be migrating is consistent with the proposed cellthe piston-like saltatory displacement of the nucleus and cytoplasm (Rakic et al., 1996) . The expression of DCX autonomous defect in neuronal migration in the mosaic in the soma of neurons resembles the "cage" of tubulin LIS1 was shown to colocalize and coassemble with microtubules and to reduce microtubule catastrophe events surrounding the nucleus (Rivas and Hatten, 1995), suggesting that DCX may be involved in the regulation of (Sapir et al., 1997) , suggesting that microtubule regulation may be one mechanism of action of LIS1. However, this population of microtubules.
LIS1 was found to serve as a regulatory subunit of the enzyme platelet activating factor ( Triton X-100; quenched in 1 mg/ml NaBH 4 ; blocked with 1% BSA, vested 2 days later by adding boiling protein sample buffer (20 mM 0.25% saponin, and 5 mM lysine for 10 min; incubated with primary Tris, 5% glycerol, 0.625% SDS, 5% ␤-mercaptoethanol).
antibodies as above for 1 hr; rinsed extensively with K-PIPES and incubated with Cy3 or FITC-conjugated secondary antibody (diluted In Situ Hybridization 1:50) for 1 hr; rinsed extensively in K-PIPES; and postfixed in 4% In situ hybridization was performed essentially as described (Wilkinparaformaldehyde for 30 min. Nuclei were visualized using 1 M son and Nieto, 1993) using 15 m tissue sections from whole mouse TOTO-3 (Molecular Probes) for 30 min, rinsed in water, mounted in embryos at E14, whole heads at E17, or brains at P0. Sections were Aquamount, and examined using a Biorad 1100 confocal micropermeated with 1 g/ml proteinase K for 1 min, prehybridized at scope. Transfection of cultures was performed as described (Xia et 70ЊC for 1 hr, and probed overnight with a digoxigenin-labeled RNA al., 1996). Briefly, a mixture of 132 l of water, 15 l of 2.5 M CaCl 2 , antisense or sense DCX probe at a final concentration of 1 g/ml and 30 g of DNA was added to 150 ml of 2ϫ HEPES-buffered in hybridization solution at 70ЊC. Hybridization solution contained saline and incubated for 30 min. Neuronal cultures were incubated 50% formamide, 5ϫ SSC, 50 g/ml yeast tRNA, 1% SDS, and 50 for 3 days after plating, and the transfection mix was left on the g/ml heparin. Sections were rinsed in PBT four times and immunocells for 45 min. Cultures were processed 2 days after transfection. labeled with 1:2000 anti-digoxigen alkaline phosphatase overnight Some transfected cells were treated with colchicine (10 g/ml for at 37ЊC. Sections were developed with NBT/X-phos (Boehringer 2 hr) prior to fixation and microtubule visualization (as above). Mannheim) overnight and mounted in Permount.
Generation of DCX-Specific Antisera
Isolation of Microtubules from Brain In order to generate antisera reactive to both human and mouse DCX Four grams of newborn rat brain was homogenized in MES buffer protein, a 16-mer polypeptide corresponding to the DCX carboxyl (100 mM MES [pH 6.6], 1 mM EGTA, 1 mM MgSO 4 , and 25 mM terminus (Cys-YLPLSLDDSDSLGDSM-free acid) was conjugated to NaF and benzamidine, leupeptin, pepstatin A, aprotinin, and AEBSF KLH for immunization (Covance, Denver, PA). ␣-DCX antisera was protease inhibitors) at 4ЊC. The homogenate was centrifuged at used directly at 1:2000 for Western analysis and 1:50 for immunoflu-25,000 RPM for 15 min in a Beckman Optima centrifuge in the orescence.
TLA 100.3 rotor, and the supernatant was subsequently centrifuged similarly at 75,000 RPM for 90 min, giving a tubulin-rich supernatant. Half of the supernatant was treated with 10 M taxol (Calbiochem) Western Analysis Total protein was run on a 10% SDS-PAGE gel and probed with and 1 mM GTP and half was treated with only 1 mM GTP. Both fractions were incubated for 25 min at 37ЊC to allow microtubules either ␣-DCX, ␣-pan MAP2 (1:500), or ␣-mDab1 (1:500) primary antibody and developed using an HRP anti-rabbit or anti-mouse secto polymerize, added over 1 vol of a 10% sucrose/MES buffer in a centrifuge tube, and centrifuged at 25,000 RPM at 35ЊC for 30 min. 
